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DEVICE TO ACCESS MEMORY BASED ON A
PROGRAMMABLE PAGE LIMIT

RELATED APPLICATIONS

This application 1s related to U.S. patent application Ser.
No. 09/239,911 entitled “Method to Access Memory Based

on a Programmable Page Limit” (attorney docket number
MICE-0013-02-US), filed contemporaneously.

BACKGROUND

The 1nvention relates to computer system memory archi-
tectures and, more particularly, to the control of memory
access operations based on a memory page cache configured
to provide a programmable number of open pages.

Many current computer system memory architectures use
synchronous random access memories (synchronous RAM)
such as synchronous dynamic random access memory
(SDRAM), SyncLink dynamic random access memory
(SLDRAM), and Rambus dynamic random access memory
(RDRAM). The SyncLink standard has been assigned the
tentative designation of IEEE-1596.7 by the Microprocessor
& Microcomputer Standards Committee (MMSC) of the
Institute of Electrical and Electronics Engineers (IEEE). The
Rambus® standard 1s published by Rambus, Incorporated of
Mountain View, Calif.

In addition to providing inherently faster operation than
previous types of memories, synchronous RAM may gen-
crally be organized into banks. Banks represent a physical
compartmentalization of memory space, where each bank
may correspond to a unit or array of physical memory. A
bank may be further divided into pages, where a page 1s
typically defined 1n terms of a row address. All those
memory locations in a bank having a common row address
are said to be on the same page of memory.

One feature of banked memory systems 1s that consecu-
flve memory access operations to a common page may be
performed faster than consecutive memory access opera-
tions directed to different pages within the same bank. As
shown 1 FIG. 1, the time to perform first access 100
(directed to a first page in a first bank) includes the time
needed to select the target page 102 and the time to select the
uniquely targeted memory location 104. If second access
106 1s directed to another memory location in the same page,
the time required to complete the memory transfer includes
that needed to select the target location 108; no time 1is
required for page selection. If a subsequent, third access 110
1s directed to a different page in the same bank however, the
previously selected (open) page must be closed (an opera-
tion referred to as precharging 112) before access 110 may
proceed. Following precharge operation 112, access 110
continues through page selection 114 and data selection 116
phases. Because precharge operations require some time to
complete, they generally limit the speed with which a
sequence of memory access operations may be performed.

As 1ndicated above, by leaving a page open after com-
pleting a memory access operation the precharge time pen-
alty may be avoided when a subsequent bank access 1s
directed to that same page (a page hit). Conversely, when a
subsequent bank access is to a different page (a page miss),
the open page must be closed and the precharge operation
performed before the memory access operation may pro-
ceed. Thus, while there exists benefits to leaving a page open
in the event there are frequent page hits, there also exists
fime penalties associated with a large number of page misses
when pages are kept/left open.

As the number of banks in a memory system increases,
the potential for improved memory access bandwidth
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2

increases. The potential improvement may generally be
attributed to two factors: (1) the ability to avoid precharge
when making successive accesses to a common page of
memory; and (2) the ability to hide precharge by interleaving
memory accesses between different banks. Actual improve-
ment 1in memory system performance, however, may be less
than expected. For example, as the number of memory banks
increase so does the amount of hardware needed to track
cach open page. Thus, the hardware overhead associated
with maintaining a large number of pages in the open state
may set a practical upper limit on the number of pages that
may be simultaneously open. Further, some applications and
devices are known to exhibit low degrees of memory access
locality—memory access operations by these types of enti-
ties do not generally benefit, and may actually slow overall
access operations due to frequent page misses. Thus, there 1s
a need for memory systems having improved performance.

SUMMARY

In one embodiment, the mmvention provides a computer
system comprising a memory (having a plurality of pages),
a memory controller adapted to maintain a programmable
number of the plurality of pages 1n an open state at one time,
and a page limit value (representing the programmable
number of pages that can be kept open at one time) acces-
sible to the memory controller. The page limit value may be
a user specifled value, a function of the total number of
banks 1n the memory, a function of the type of processing
performed by the computer system, or it may periodically
change during the course of system operations.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows an 1llustrative series of memory access
operations to a common bank of memory.

FIG. 2 shows a computer system having a banked
memory architecture 1n accordance with one embodiment of
the 1nvention.

FIG. 3 shows a simplified block diagram of a memory
controller 1n accordance with one embodiment of the inven-
tion.

FIG. 4 shows a flowchart for one method 1n accordance
with the mvention to process a memory access request.

FIG. § shows a flowchart for establishing a page limit 1n
accordance with one embodiment of the invention.

FIG. 6 shows a flowchart for one method in accordance
with the 1nvention to dynamically vary a memory control-
ler’s page limit.

DETAILED DESCRIPTION

In a computer system having a banked memory
architecture, a programmable number of memory pages may
be simultaneously maintained in the open state. The number
of pages so maintained may be a function of the total number
of banks 1n the memory, a user specified value, the type of
processing performed by the computer system, or it may
dynamically and automatically change during the course of
system operations. Memory access operations 1n accordance
with the mnvention may provide improved memory system
performance for those entities (software and hardware)
1ssuing localized memory requests, by keeping one or more
pages (to which the localized memory requests are directed)
in an open state. Memory access techniques 1n accordance
with the mvention may also close those pages that are not
experiencing localized access requests.

FIG. 2 shows computer system 200 having a banked
memory architecture 1n accordance with one embodiment of
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the 1nvention. As shown, computer system 200 includes host
processor 202 coupled to processor bus 204 which, in turn,
1s coupled to primary bus 206 through bridge circuit 208.
Host processor 202 may be any type of general or special
purpose processor mncluding multiple processors. Processor
bus 204 may be any type of communication channel suitable
for coupling host processor 202 to other computer system
devices. An 1llustrative primary bus conforms to the Periph-

eral Component Interface (PCI) specification.

Bridge circuit 208 may include processor bus interface
210 for communicating with processor bus 204, graphics
port 1nterface 212 for communicating with one or more
graphics devices (not shown), primary bus interface 214 for
communicating with primary bus 206, memory interface
216 for communicating with system memory 218, and
switch 220. An 1illustrative graphics port interface 212 con-
forms to the Accelerated Graphics Port (AGP) specification.
Switch 220 may be any type of switching mechanism that
may selectively couple each of the mterfaces 210, 212, 214,
and 216. System memory 218 may be any type of RAM
organized 1nto a plurality of banks. For example, bank-1 222
through bank-N 224. In some embodiments, each bank (e.g.,
bank-1 222) may include a plurality of memory devices or
chips.

Bridge circuit 226 may couple primary bus 206 to sec-
ondary bus 228 while also providing Intelligent Drive Elec-
tronics (IDE) interface 230 for communicating with IDE
devices (not shown) and Universal Serial Bus (USB) inter-
face 232 for communicating with USB devices (not shown).
Typically, secondary bus 228 also provides a mechanism to
couple system non-volatile random access memory
(NVRAM) 234 and a variety of input-output (I/O) devices
such as parallel and serial ports through I/O circuit 236 to
computer system 200. Illustrative secondary buses include
those buses conforming to the Industry Standard Architec-
ture (ISA) and Extended Industry Standard Architecture
(EISA) specifications.

Referring to FIG. 3, memory interface 216 1n accordance
with one embodiment of the invention comprises controller
300 and page cache 302. Page cache 302, 1n turn, includes
a plurality of page entries (304 and 306, for example). In
ogeneral, page cache 302 includes one page entry for each
page that may be simultancously maintained 1 an open
state. By way of example, if system memory 218 includes 24
banks, and controller 300 1s configured to maintain a maxi-
mum of 18 simultaneously open pages, cache table 302
includes 18 page entries. As indicated, a page entry (e.g.,
304) includes page field 308 and priority field 310. The
contents of page field 308 identifies a page 1n system
memory 218 that may be maintained 1n an open state. The
contents of priority field 310 provides an indication of the
page’s priority vis a vis maintaining the page in the open
state. In one embodiment, priority field 310 may provide an
indication of how long it has been since the page (identified
by page address field 308) was last accessed. This informa-
tion may be used by controller 300 to implement a least
recently used (LRU) cache page replacement protocol. In
another embodiment, priority field 310 may provide a last-
used 1ndication for use 1n a round-robin cache page replace-
ment protocol.

Referring to FIG. 4, a method to process a memory access
request 1n accordance with one embodiment of the mnvention
1s shown. Initially, controller 300 receives a memory access
request (block 400). If the page associated with the access
request (hereinafter, the requested page) is already open (the
‘yes’ prong of diamond 402), the page is accessed (block
404) and the memory access request is completed (block
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406). If the requested page is not open (the ‘no’ prong of
diamond 402), a check is made to determine if the bank
within which the requested page exists (hereinafter, the
requested bank) already has an open page. If the requested
bank has an open page (the‘yes’ prong of diamond 408), the
requested bank’s currently opened page is closed (block
410) and processing continues at block 404. If the requested
bank does not have an open page (the ‘no’ prong of diamond
408), controller 300 determines if the total number of open
pages 1s equal to the currently specified maximum number
of simultaneously open pages (page limit, see discussion
below). If the number of pages currently open is equal to the
specified page limit (the ‘yes’ prong of diamond 412),
controller 300 selects a currently open page to close (block
414), closes the selected page (block 416), and continues
processing the memory request at block 404. Alternatively,
acts 1n accordance with blocks 414 and 416 may be per-
formed 1n reverse order. That 1s, block 416 followed by 414.
If the number of pages currently open i1s less than the
currently specified page limit (the ‘no’ prong of diamond
412), processing continues at block 404.

In one embodiment, the page limit may be established at
computer system startup and/or as part of a system reset
operation. Referring to FIG. 5 for example, on computer
system 200 startup a series of system checks may be
performed (block 500). System checks are generally per-
formed by basic input-output system (BIOS) instructions
and are collectively referred to as power-on self test (POST)
routines. Typically, POST processing checks system com-
ponents such as memory, disk storage units, and any expan-
sion cards for proper functioning. Once the BIOS verifies
that system components are functioning properly, additional
BIOS routines may initialize various components (block
502). In addition to initializing other system components,
BIOS may also establish a page limit for controller 300
(block 504). Following device initialization and establish-
ment of a page limit, BIOS typically initiates an boot
sequence that results in an operating system controlling
computer system operations (block 506).

In one embodiment, BIOS may obtain a fixed page limit
value (e.g., the value 6) from NVRAM 234 and route it to
controller 300 via bridge circuit 208. In another
embodiment, BIOS may obtain a value from NVRAM 234
representing the fraction or percentage of banks that may
simultaneously have an open page (hereinafter a fraction
value). For example, if system memory 218 includes 16
banks, and the fraction value is 0.5 (e.g., 50%), then con-
troller 300 may establish a page limit of 8. In those 1mple-
mentations 1n which the page limait 1s described 1n terms of
a fraction value, controller 300 must also obtain information
regarding the number of banks in system memory. In one
embodiment, controller 300 may directly interrogate system
memory. In another embodiment, controller 300 may
assume a fixed value that may have been set at the time
computer system 200 was manufactured. In yet another
embodiment, BIOS may obtain this information during
POST processing and provide it to controller 300. In still
another embodiment, controller 300 may obtain a page limit
value directly—that 1s, controller 300 may obtain a page
limit value (represented i terms of a fixed value or a
fraction value) from a predetermined memory (e.g.,

NVRAM 234).

BIOS routines are typically stored 1n nonvolatile memory
234. Illustrative nonvolatile memories include read only
memory (ROM), electrically programmable read only
memory (EPROM), electrically erasable programmable read
only memory (EEPROM), and flash memories. Parameters
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such as the page limit value (fixed or fractional) may also be
stored 1n a nonvolatile memory. In one embodiment, page
limit 1information may be stored in the same nonvolatile
memory as the BIOS. In another embodiment, a user modi-
fiable nonvolatile memory such as complementary metal
oxide semiconductor (CMOS) memory may be used. In the
latter case, a user may modify the page limit value (fixed or

fractional) through a system setup application.

Referring to FIG. 6, a page limit value may also be
periodically adjusted during system operations. An 1nitial
page limit may be established as described above (block
600). Following a sequence of memory access operations
(block 602), controller 300 determines if an excessive num-
ber of page misses have occurred. If a larger than specified
number of page misses have occurred within a designated
time period (the ‘yes’ prong of diamond 604), the page limit
may be increased (block 606) with memory access opera-
tions continuing at block 602. Alternatively, if the page miss
rate remains above a specified value after the open page limait
has been 1ncreased, the number of pages concurrently main-
tained in the open state may be subsequently decreased. (A
largce page miss rate even with a relatively large number
pages maintained 1n the open state may indicate a random
memory access pattern. In this case it may be more
beneficial, from a memory performance stand point, to close
a page after each access operation.) If, on the other hand, a
larger than speciiied number of page misses have not
occurred within a designated time period (the ‘no’ prong of
diamond 604), memory access operations continue without
an adjustment of the page limit (block 602). In one
embodiment, controller 300 may increase the page limit it
the page miss rate generated during memory access opera-
tions (block 602) exceeds 5% to 15%. In another example,
controller 300 may adjust the number of pages based on the
type of entity 1ssuing memory requests and the current page
miss rate. For example, if the entity requesting memory
access 1s one that generally exhibits poor locality (e.g., a
processor), controller 300 may increase the page limit if the
page miss rate exceeds 15% to 20%. If the entity requesting,
memory access 15 one that generally exhibit high locality
(e.g., an I/O process), however, controller 300 may increase
the page limit if the page miss rate exceeds 5% to 10%.

Various changes in the components, circuit elements, as
well as 1n the details of the 1llustrated operational methods
are possible without departing from the scope of the claims.
For 1nstance, a page limit value may be based on the type of
processing pertormed by a computer system. For example,
if computer system 200 provides file server services, one
page limit (specified in terms of a fixed value or a fractional
value) may be selected while if computer system 200
provides application server services, another page limit
(specified in terms of a fixed value or a fractional value) may
be selected. Typically, file servers exhibit a higher degree of
locality 1n their memory access requests than do application
servers. Thus, it may be beneficial to specify a higher page
limit for a file server than for an application server having
the same memory architecture (e.g., number of banks).
Indication of the type of service provided by computer
system 200, 1n addition to the fixed or fractional page limait
value, may be stored 1n a nonvolatile memory and may be
obtained directly by controller 300 or provided to controller
300 from, for example, a BIOS routine.

In addition, page cache 302 may be implemented using,
dedicated hardware registers or a conventional memory
dedicated for use by controller 300. In either case, page
cache 302 may include a as few as two page entries or as
many page entries as there are banks 1n system memory 218.
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(It will be recognized by those of ordinary skill that in a page
cache whose page entries are implemented via hardware
registers, methods 1n accordance with FIGS. 5 and 6 may not
ogenerally increase the page limit above the maximum avail-
able number of page entries.)

Further, system memory 218 may comprise any banked
memory architecture, comprising synchronous or non-
synchronous random access memory. Moreover, some or all
acts 1n accordance with FIGS. 4, §, and 6 may be performed
by a custom designed state machine (embodied in a gate
array or an application speciiic integrated circuit or ASIC,
for example) or a programmable control device executing
instructions organized into one or more program modules. A
programmable control device may be a computer processor,
and storage devices suitable for tangibly embodying pro-
oram 1nstructions include system memory as well as all
forms of nonvolatile memory including, but not limited to:
semiconductor memory devices such as EPROM,

EEPROM, and flash devices; magnetic disks (fixed, floppy,
and removable); other magnetic media such as tape; and

optical media such as CD-ROM disks.

While the invention has been illustrated with respect to a
limited number of embodiments, numerous modifications
and variations will be appreciated by those skilled 1n the art.
It 1s intended, therefore, that the following claims cover all
such modifications and variations that may fall within the
true spirit and scope of the mvention.

What 1s claimed 1s:

1. A memory access control device, comprising:

a controller adapted to maintain a programmable number
of memory pages 1n an open state at one time;

a page limit value accessible to the controller representing,
the programmable number of pages that can be kept at
one time; and

a page table accessible to the controller, the page table
having multiple entries, each entry corresponding to a
possibly open page in memory,
wherein each page table entry further comprises a

priority field to indicate how long 1t has been since
the page corresponding to the entry was last accessed
and wherein the controller 1s further adapted to
selectively close a page currently 1n an open state
based on the priority field and a specified replace-
ment policy.

2. The memory access control device of claim 1, further
comprising a non-volatile memory storing the page limait
value.

3. The memory access control device of claim 1, further
comprising a cache memory storing the page limit value.

4. The memory access control device of claim 1, further
comprising the controller being adapted to:

determine the number of banks 1n a memory device; and

set the page limit value to a fraction of the determined

number of banks.

5. The memory access control device of claim 1, further
comprising the controller being adapted to adjust the page
limit value during operation of the controller.

6. The memory access control device of claim 5, further
comprising the controller being adapted to adjust the page
limit value to any value within the range of zero to a
maximum page limit value.

7. A computer system, comprising:

a memory having a plurality of banks, each bank having
a plurality of pages;
a memory controller adapted to maintain a programmable

number of the plurality of pages 1n an open state at one
time:
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a page limit value accessible to the memory controller
representing the programmable number of pages that
can be kept open at one time; and

a memory table accessible to the controller, the memory
table having multiple entries, each entry corresponding
to a possible open page 1n he memory,
wherein each memory table entry further comprises a

priority field to indicate a time interval between a
prior and a current memory access operation to the
page corresponding to the entry and wheremn the
memory controller 1s further adapted to selectively
close a page current in an open state based on the
priority field and a specified replacement policy.

8. The computer system of claim 7, wherein the page limit
value 1s stored 1n a nonvolatile memory device.

9. The computer system of claims 8, wherein the non-
volatile memory device comprises a complementary metal
oxide semiconductor random access memory device.

10. The computer system of claim 7, wherein the memory
controller 1s adapted to selectively close a page currently 1n
an open state 1n accordance with a specified replacement
policy.

11. The computer system of claim 10, wherein the speci-
fied replacement policy comprises a least recently used
replacement policy.

12. The computer system of claim 7, further comprising
a cache memory storing the page limit value.

13. The computer system of claim 7, further comprising
the memory controller being adapted to:

determine the number of banks; and

set the page limit value to a fraction of the determined

number of banks.

14. The computer system of claim 7, further comprising
the memory controller being adapted to adjust the page limat
value during operation of the memory controller.

15. The computer system of claim 14, further comprising
the memory controller being adapted to adjust the page limait
value to any value within the range of zero to a maximum
page limit value.

16. A program storage device, readable by a program-
mable control device, comprising:

instructions stored on the program storage device for
causing the programmable control device to access
computer memory having a plurality of banks, each
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bank having a plurality of pages, the 1nstructions com-
prising 1nstructions to

establish a page limit value representing a number of the
plurality of pages that may be kept 1n an open state at
one time;

receive a memory access request; and

perform a memory access operation in accordance with
the established page limit value and the memory access
request,
whereln the instructions to perform a memory access
operation comprise 1structions to:
determine f opening a page indicated by the memory
request will exceed the established page limit and,
if 1t will, selectively close a page currently i the
open state;
open the page indicated by the memory request; and
complete the memory access operation,
wherein the instructions to selectively close a page are
in accordance with a specified replacement policy
and the specified replacement policy comprises a
least recently used replacement policy.
17. The program storage device of claim 16, wherein the
instructions to establish comprise mstructions to:

determine the number of banks 1n the computer memory;
and

set the page limit value to a fraction of the determined
number of banks.
18. The program storage device of claim 17, wherem the
instructions to set the page limit value comprise instructions
to:

obtain a fraction value; and

set the page limit value to a whole number approximately
equal to the product of the number of banks in the
computer memory and the obtained fraction value.

19. The program storage device of claim 17, wheren the
instructions to establish further comprise instructions to
adjust the page limit value during operation of the program
storage device.

20. The program storage device of claim 19, wherein the
instructions to establish further comprise instructions to
adjust the page limit value to any value within the range of
zero to a maximum page limit value.
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